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ABSTRACT

A prelimnary set of Monte Carlo

cal cul ati ons of the crew exposure for
t he proposed airborne free-el ectron

| aser have resulted in a | ead
shi el di ng mass of approximately 6
metric tonnes. The laser is to be
operated only for four training

m ssions per crew per year, with two
m nutes of |aser operation per

m ssion. Beamloss into the cavity
wal I s, the main cause of the crew
exposure, is to be kept bel ow 0.01%
The crew will receive about 2.7 R per
year, nostly from brensstrahl ung
Neutron dose rates will be negligable
by conpari son.

| NTRODUCT1 ON

Because of the changi ng worl d
political situation and experience in
the Persian Gulf war, an awareness has
cone about for the need for a rapidly
depl oyabl e, all-weat her defense
against tactical ballistic mssiles.

A directed-energy systemthat is
capabl e of conplinenting the Patri ot
mssile and its upgrades is an

ai rborne | aser system Candidate

| aser systens include chemcal |asers,
t he di ode- punped neodym um gl ass

| aser, and the free-electron |aser
(FEL). Each of these | aser systens
has its advantages and drawbacks; one
of the nost chal |l engi ng desi gn problem
for the FEL is the radiol ogica

shi el di ng.

It is envisioned that the FEL woul d
require over 500 mA of electron beam
current at energies of up to 100 nega-
el ectron volts (MeV). The |ow energy
end of the accelerator is near the
forward crew conpartment and t he beam
travel s down the fusel age of the plane

towards the tail (Figure 1). The beam
is sent into a device called an

undul ator or wiggler that produces the
| aser light and extracts maybe 20% of
the energy fromthe beam There is
then a 180 degree bend.

The beamis then sent through a device
called an energy recovery unit, which
removes all but about 10 MeV of the
beam energy through a decel eration
process. This unit is a set of 40
accel erator cavities operated in a
node so as to keep the el ectron
bunches on the negative phase of the
RF. It is this part of the system
that requires the greatest shielding,
because the el ectrons are noving
towards the forward crew conpart nent.
There is then another 180 degree bend,
foll owed by a beamine that carries
the electrons to a dunp in the tail of
t he pl ane.

In this paper we describe the
calculations for the energy recovery
system Cal cul ations for the beam
dunp at the rear of the plane, and for
the accel erator (which will not be
presented here) indicate that these
radi ation sources are insignificant by
conpari son.

SHI ELDI NG CALCULATI ONS

Many of the interesting features of
the brensstrahl ung energy spectra and
angul ar and dependence are di scussed
el sewherel:2 and we need not go into
great detail here. It is sufficient to
say angul ar distribution in a given
brensstrahlung interaction is very
forward peaked, with a width on the
order of 1/g radians, where g is usua
relativistic mass factor for the

el ectron. For electrons above a few
MeV, the mean free path for conversion



is called the radiation length. In
lead it has a value of about 0.4 cm
In alumnumit is about 7 cm For
conversion thicknesses nuch | ess than
the radiation | ength, the radiation
energy spectrumw || have a 1/ E shape.
After traversing several radiation

| engths the energy spectra of the
radiation will tend to a 1/ E2 shape,
thus greatly favoring | ower energies.
Lead is an excellent material to
absorb photons at | ow energy through
t he photoel ectric cross section and
that is why it is used for shielding.

Shi el di ng design requirements are
described as follows. Based on our
experi ence desi gning and operating
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free-electron | asers, we have
concluded that it is not reasonable
to expect to keep beam | osses bel ow
0.01% Thus, we choose this
percentage as a design goal. It is
further assuned that crew training can
be acconplished with four flights per
year per crew, with two m nutes of
operation per flight. For a 1 A beam
current the conbination of all these
factors gives 2.5 x 1017 el ectrons

| ost per year, at sone yet-unspecified
| ocation along the energy recovery
unit. W then required the dose to be
below 5 rem yr, exam ning all possible
| ocations for the beamloss to occur
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Fig. 1. The Airborne free electron |aser conceptual |ayout. The electron accel erator

begi ns forward, near the crew conpartnent.

is the wiggler; finally the beam

dunp. The RF supplies are below the accelerator. The optical systemis very |arge.

The cal cul ati ons have been perfornmed
using a version of MCNP3 that can
handl e the entire el ectron/gamma
shower, including bremsstrahlung, pair
producti on and anni hil ation
absorption and ionization. The nmockup
of the airplane for shielding

cal cul ati on purposes is shown in
Figure 2. The skin of the airplane is
taken as an ellipsoid of revol ution,
with an overall length of 71 neters,
roughly the size of a 747-cl ass
aircraft. The crew are restricted to
an area at the front of the plane.
The energy recovery system extends
fromabout 4 neters fromthe crew
conpartnent (where there is a
shielding wall) to 44 neters fromthe
crew conpartnent. The el ectrons
decel erate from an energy of 100 MeV
at the farthest point away to 10 MeV
at the closest point. The thickness

of the aircraft skin is taken so that
the mass of the 747 aircraft, mnus
fuel, is included. Surrounding the
aircraft is an ellipsoidal volume of
air, included for sky shine

det erm nati on.

The structure of the energy recovery
system and shielding is given in
Figure 3. It is taken to consist of a
set of 850 MHz alum num cavities. The
bore is 5 cmand the outer dianeter is
40 cm For conputational purposes,
the flat cavity end walls are included
every 1 nmeter and are taken as 2 cm
thick. This translates into an
assunption of a 3 mmwal |l thickness,
which is quite thin. Because the
wal I s thensel ves provide a significant
fraction of the shielding, this
anounts to a conservative assunption



Fig. 2. The geometry used for the simulation of the beamlosses in the energy
recovery system The airplane skinis the inner ellipsoid. An air space extends to
the outer ellipsoid. The electrons slow down fromthe right to the left.

Fig. 3. Coseup of the energy recovery systemshielding |ayout. There is a thick end

wal | at the end of the energy recovery system

The systemis al so surrounded by an

annul us of lead. There is also shielding by a dividing wall

Shi el di ng consi sts of three parts.
There is an annulus of |ead
surrounding the unit, nomnally at
least a few nmthick, and a many-cm
thick | ead plate at the | ow energy end
of the unit. |In practice this plate
woul d surround a 180 degree bend at
the end of the unit in a real energy
recovery unit, because the beamis
taken to the rear of the plane and
into a beam dunp after energy
recovery. The third conponent is the
dividing wall in the airplane,

consi sting of |ead and possibly
bor at ed pol yet hyl ene (for neutron

shi el di ng) .

Many sets of cal cul ati ons were
perfornmed, assum ng the beamloss to
occur at various |ocations along the

energy recovery system The thickness
of the three |l ead shields were vari ed,
and the total shielding nmass

cal cul ated. The best design was
chosen as the |ightest conbination of
shielding that would give 2.5 R'yr to
the crew for the average over the

poi nts al ong the energy recovery unit.
The set of calculational results is
given in Figure 4 for the shielding
configuration that was deened best.
Here, the shielding consists of a 20
cmthick end shield and a 1 cmthick
annulus. There is no shielding wall.
The maxi mum dose to the crewis for

| osses at 20 MeV al ong the energy
recovery unit. At higher energies the
source is at a greater distance from
the crew. At |ower energies the
brensstrahl ung production is nuch

| ess.
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Fig. 4. Dose to crew versus position
in energy recovery system where the
beamis lost. The average over the
whol e systemis 2.7 R per year.

The shielding is found to be
sufficient for electron | osses
anywhere along the unit, keeping the
dose to the crew at 2.7 R yr, when
averagi ng the | oss over the |ength of
the energy recovery unit. The tota
shielding mass is 6 metric tonnes, the
greatest fraction being in the

annul us. Anot her set of calcul ations
showed that the mass quadrupled if the
dose rate was to be reduced to 0.2

R yr.

We t hen include photoneutron
production and transport. The neutron
producti on occurs because of the (g, n)
cross section on |lead and al umi num
whi ch we have taken from Ref. 2, and

i ntroduced directly into our MCNP

cal cul ati ons. Photoneutron energy
spectra were based on the isotropic
eni ssi on using an evaporation
spectrum For alum num the quasi-
deut eron conponent of the energy
spectrum was al so i ncl uded.

In order to performthe cal cul ations
using MCNP, one nust first make a run
that tabul ates the production of
neutrons on a region-by-regi on basis.
A second run then transports the
neutrons to the crew conpartnent The
neutron energy spectrumin our

cal cul ati ons does not vary with
position, nor does the angul ar
di stribution, which is isotropic.

Figure 5 shows the rate of production
of neutrons in the lead and in the

al um num regi ons versus el ectron
energy. The behavior of the curves is
very much what is expected based on
theoretical and experimental studies
such as Ref. 4. The lead contribution
is much greater sinply because its
cross section is nuch higher. |If
copper were used for the accel erator
construction, the total production of
neut rons woul d doubl e.

El ectron (x1000)

Neut ron Producti on
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Fig. 5. Production of Photoneutrons in
| ead and al um num regi ons versus
energy where the beamis lost in
energy recovery system

Transport cal cul ati ons showed that the
neutrons are an order of nagnitude
smaller in inportance to the dose to
the crew in conparison with the ganma
rays. Figure 6 shows the dose to the
crew, again plotted versus where the
el ectron beamis lost. No additiona
shielding was required for the
neut r ons.
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Fig. 6. Photoneutron dose to crew
versus position in energy recovery
system where the beamis | ost.

CONCLUSI ONS

Under the stated assunptions about
operation of the airborne FEL, the
crew doses can be kept to below 5
R'yr, the limt for radiation workers
exposed as part of their nornal work
routine. The total nass of the
shielding is estimated to be about 6
netric tonnes, however, to take the
dose rates down anot her order of
magni tude will require possibly four
times as nuch shielding. Thicker
accel erator cavity walls will assist
t he shi el di ng.
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